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There is a constantly increasing tendency toward the 
development of higher poorer units for the airplane. In 
this connection new research problems arice whose solution 
demands the inve st tg&t ion in particular of all the possi- 
bilities of farther development of the Otto or spark- 
ignition engine* In what follows the question of the num- 
ber and geometrical arrangement of the cylinders so impor- 
tant In the design of high performance power units will^be 
considered from various points of view. A discussion will 
be given of She possibilities of the various working proc- 
esses and an investigation will be made of possible means 
for improving the continuous operation and take-off per- 
formance, particularly the methods of supercharging, in- 
creasing the ?*p»m» , and employing the two-stroke- cycle ^ 
engine, Finally, the question of lowered fuel consumption 
will be gone into briefly. 

The subject will be treated under four headings: 

I. Considerations on the engine lay-out. 

II • Increase in output per given swept volume. 

III. Improvement in the take-off performance. 

IV. Lowering of the fuel consumption. 

At the present time it cannot be predicted as to 
vhethcr another type of airplane power unit with better 
performance will replace the spark- ignition and Diesel en- 
gines as an airplane drive. Even if there do exist at the 
present time some indications of the ultimate success, for 
example, of rocket type drive, steam drive, or internal 
combustion turbine, many years of investigation and devel- 
opment will still be required before the highly developed 

* "For s chung saufg&h0n und Gestal tungsf rag en bei Steigcrung 
der Tri ebwerklci stung. " Luf twi s sc.:, vol. 4, no. 4, 
April 1937 f "op • 116-125. 
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reciprocating engine will be replaced by something better* 

Since the fact must "be reckoned with that the Otto 
and Diesel engines will still dominate the airplane engine 
field for a long time to come, it is the urgent task of 
research, in addition to conducting investigations of other 
more promising methods, to investigate all the possibili- 
ties of further development of the reciprocating engine so 
that its fullest possibilities may he utilized. 

Without going into the problem of very high-altitude 
flight which, as a special problem in itself, will not be 
given consideration in the present paper, the following 
questions are of fundamental importance for the further 
improvement of flight performance, namely, the form and 
layout of high-performance engines, raising of the engine 
power, improvement in the take-off performance, and lower- 
ing of the fuel consumption. 

I. CONSIDERATIONS OF GEOMETRIC LAY-OUT OF 

HIGH-PERFORMANCE POWER UNITS 



The tendency toward higher velocities of flight on 
the one hand and the requirement of high useful load on the 
other hand, bring with them the consequence that every 
country that has its own aircraft industry strives to de- 
velop the largest engine power possible consistent with 
low-performance weight. Although not all of the latest de- 
velopments were exhibited at the most recent Paris exhibi- 
tion, it was nevertheless noticeable that the number of 
airplane engines of high output was considerably increased. 
For these engines, not all of which were manufactured on a 
production basis, outputs of 1,000 to 1,400 horsepower 
were indicated as short-time full performance at sea level. 
Although, corresponding to the viewpoints and experience 
of each manufacturer, these designs showed differences as 
to structural form, number of cylinders, and cooling, there 
may, nevertheless, be observed a general tendency toward 
air cooling, particularly in the case of the large air- 
cooled, double-row radial engine with 14 or 18 cylinders. 
Of approximately ten types of engines of over 1,000 horse- 
power shown, seven - 1* e« , 70 percent - were air-cooled 
radial engines. 

In view of this striving of engine manufacturers to- 
ward the development of engine types of increasingly higher 
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output, it "becomes necessary to give consideration to the 
question as to what structural types are to "be given pref- 
erence with respect to their power per unit weight, num- 
ber of cylinders, and cylinder arrangement in order that 
some indication may be obtained as to the linos of devel- 
opment to "be followed in the design of nov/ types. The 
proolom of cooling, with the losses associated therewith, 
will not he gone into here, since in what follows only 
constructional and thermodynamic features will he given 
attention. The question will he discussed from the point 
of view of total weight of engine, its mounting, and the 
effect on the aerodynamic efficiency of an airplane - 
whether- in any particular case it is hotter to employ, in- 
stead of a single engine of high output, two smaller en- 
gines which may he mounted in the fuselage (Koolhoven 
type) or built into the wing as flat engines and connected 
by can intermediate shaft to the propeller. For a compar- 
ison of the drag relations for these various engine lay- 
outs and nountings, tunnel tests arc still required. It 
is probable, however, that the future will see the justi- 
fication of large as well as smaller power units corre- 
sponding to the purposes for which they were designed, 
since for high-ait i tude flight and steep climb the distri- 
bution of the power among smaller engines with several 
propellers appears to he advantageous, whereas for high- 
speed flight it appears to he more advantageous to employ 
a high power unit with a single propeller. 

The important factors to he considered in the design 
of the engines, particularly the effect of the number of 
cylinders and cylinder size on the weight per horsepower, 
will he presented in a special report by Dipl.-Ing. 
Bensinger* The following discussion, will he limited^to a 
few of the questions concerning design features of high- 
output power units of 1,300 to. 1,600 horsepower. It is 
here assumed that the manufacture of propellers to suit 
these outputs is possible. 

In the past year a paper was presented by Wood (ref- 
erence 1) on the raising of the output of an engine, and 
tables were set up giving design data, over-all dimen- 
sions, and displacement volumes for engines of 1,600 horse 
power for various r:T*mhers of cylinders and lay-outs. Ac- 
cording to this author the in-line engine of the future 
will he a machine- with a six-throw crankshaft with sever- 
al cylinders to each crank. He considers it difficult, 
however, using a solid crankshaft, to which he gives pref- 
erence, to connect more than four connecting rods 
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(with split "big ends) to one ^rankpin. He accordingly en- 
visages the development of the in-line engine in the form 
of an X engine with 24 cylinders. In the case of the ra- 
dial engine, he "believes that there will "be an increase in 
the numoer of crankshaft throws, "but a decrease in the 
number of pistons working on a single crankpin. There will 
"be a corresponding decrease in the difference in the head 
resistance of the two-engine types. 

In his lecture delivered at the "beginning of this 
year, Redden (reference 2) has considered these questions 
and discussed in particular the prospects of the air-cooled 
engine for the next five years. He is likewise of the 
opinion that there exists a demand for the development of 
engines up to 1,500-2,000 horsepower. In view of the 
weight per horsepower and the manufacturing costs, howev- 
er, ho leans attay from too great an increase in the numoer 
of cylinders and sees the future development of the air- 
cooled engine tending toward single-row and douhle-row 
radial engines and multi-row engines. The installation oi 
the horizontally opposed engine completely within the wing, 
he also considers as giving promise. 

figure 1 gives a comparison "between the present en- 
gine characteristics and the values which will he approached 
in the near future with increased piston speeds and "booster 
pressures. 'The values assumed "by Wood, which are hased on 
a piston speed of c m = 15 « 3 m/ s (at) out 3,000 ft./min.), 
and a mean effective pressure. p Q = 12 kg/ cm 2 (ahout 168 

lo./sn.in.), are likewise shown* According to the figure, 
for an engine of 2-liter capacity, speeds of ahout 3 , 300 
r.i3.m« with di siolaccmerit performances of 45 horsepower per 
liter (0.74 hp./cu.in. ) , will he attained. Whether such 
high piston speeds could he attained with the usual poppet- 
type valve gear, cannot he predicted in view of the absence 
of data in Germany* For short- time operation, speeds of 
16 m/s (3,150 ft./min.) are indicated for the Bristol Pega- 
sus engine. It may he assumed, however, that with the lur- 
thcr development of the sleeve- type valve gear, there are 
well-grounded reasons for hclicving that the present diffi- 
culties will he overcome and these values of piston speed 
r cali zed. 

Taole I and figure 2 summarize the cylinder dimensions 
for various geometrical cylinder lay-outs, the required 
frontal areas, speeds and weights, and will serve for a 
comparison of the merits of the different cylinder arrange- 
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ments. An engine output of 1,000 horsepower, attainable 
at present, is assumed - this will correspond in a few 
years to about 1,300-1,600 horsepower - and numbers of 
cylinders from 9 to 32 are considered. According to the 
studies carried out "by the Institute for Engine Design on 
the number -of cylinders and cylinder size, the weights and 
dimensions may to a certain approximation be predicted 
from certain assumptions with regard to the stroke-bore 
and connecting-rod ratios. In the table the weight re- 
quired for cooling is included in the case of the radial 
engine but not in the ca.se of the liquid-cooled in-line 
engines, all of which have equal radiators. It is found 
that in certain types of design the weight and frontal 
areas come out to such values as to make them practically 
inapplicable. The 16-cylindor V and horizontally opposed 
engine, the 32-cy 1 inder X and E, as well as the 18-cylinder 
radial engine are favorable while the 12-cylinder V, the 
24-cylinder H and X, and the 14-cylinder radial engine are^ 
somewhat less advantageous. All other lay-outs are inappli- 
cable for the power under consideration. The 32-cylinder 
engines in the X and H arrangements are, to be sure, quite 
snail in cross section, but in spite of their favora/ble 
weight/power ratio it is doubtful whether such a large 
number of cylinders, on account of the associated high man- 
ufacturing cost and the many structural parts required will 
find actual application. The 16-cylinder V engine and the 
24— cylinder H and X engines with 50° angle, on the other 
hand, offer quite practical solutions for the power here 
assumed. The 16-cylindor E or X engines show up unfavora- 
bly, however, and give little promise of development. Even 
the 24-cylindcr X engine with 90° angle receives a somewhat 
large cross section, although this arrangement will probably 
find justification for particular purposes. The question 
whether in the case of the 24-cylindcr engine, the E arrange 
ment with two crankshafts or the X arrangement with a single 
crankshaft, has the advantage, cannot as yet be answered def 
initely. According to our investigations no essential dif- 
ference in weight will result. In the case of larger air- 
planes with thick wings, the horizontally opposed engine 
installed within the wing at right angles to the direction 
of flight, with remote propeller drive, will practically 
not increase the head resistance. In any case, this arrange 
ment requires a special wing construction. This opposed- 
engine type of arrangement has already been the subject of 
many investigations and has been practically applied, for 
example, to the 12-cylinder Pctez engine. On account of 
the compromises made necessary in the airplane structure, 
however, this arrangement will always be limited in appli- 
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cation. In recent literature the advantages of the hori- 
zontally opposed arrangement have often "been emphasized, 
A further study, however, from the point of view of the 
airplane structure is necessary "before any definite con- 
clusions as to its advantages nay "be reached. 

The foregoing considerations on the various possibil- 
ities of lay-^-ut of high-perf ormancc engines cannot, nat- 
urally, include all possible points of view which in any 
particular case determine the design* The ease and cost 
of production will have to he ta,ken into account as well. 
In particular, the abo ve-indi cat ed relations will vary if, 
for some particular reason - in the case of a Diesel en- 
gine, for example, in view of the high compression ratios - 
higher bore-stroke ratios will have to be chosen. The 
conclusion reached byFedden, namely, that too small cylin- 
ders should not be chosen has, as will later be shown, a 
certain ,j u s t i f i c a t i c n • 

A question that has not yet been solved experimentally 
and which cannot be discussed in this connection, is the 
behavior of air cooling at the higher altitudes. To throw 
light on this problem, investigations on the heat transfer 
at high-altitude conditions and single-cylinder investiga- 
tions at the high-altitude climatic conditions are necessa- 
ry, after which the advantages of the two types of cooling 
will bo better understood* 

In the choice of the number of cylinders and the 
swept volumes when new designs are contemplated, the re- 
quired high-altitude performance must be given considera- 
tion since the supercharger output must still be supplied 
by the engine and the highest attainable pressure ratio is 
limited by the engine. Furthermore, the admissible super- 
charge pressure must take into consideration the start of 
engine knocking, which is essentially determined by the 
supercharge temperature. Considerations on the high-alti- 
tude performance and the thermodynamics of the engine with 
exhaust turbine supercharging, will not be gone into here, 
since they will be the subjects of separate reports. Even 
if it does become possible within a short time to develop 
spark-ignition engines with exhaust- turbine superchargers, 
the gear-driven supercharger will nevertheless continue to 
be used also in the future for certain purposes with fur- 
ther improvement in output and efficiency. 

As a complement to the foregoing remarks, it is worth 
while to investigate the relations between the piston diam- 



1T.A.C.A. Technical Memorandum Ho. 840 



7 



eter and the number of cylinders for high-al ti tude engines 
with mechanical superchargers. As an example, let two en- 
gines he chosen which at 8 kilometers (about 26,000 feet) 
altitude deliver 1,200 and 750 horsepower, respectively, 
and are provided with single or two-stage superchargers 
for this altitude. The adiabatic supercharger efficien- 
cies are assumed to he 65 and 76 percent, respectively. 
Although these values are as yet not attainable, they will 
he approached in the near future since there are well 
founded reasons for believing so. Figure 3 shows the com- 
puted relation between the number of cylinders and the 
cylinder bore where for the mean piston velocity the com- 
mon present-day value of 1? m/s (2,600 ft./min.) has been 
assumed and a compression ratio of 6.5. The practical 
range for the piston diameters is limited between 120 and 
160 mm (4.76 and 6.35 in.). The numbers of cylinders 
given in the figure are the structurally feasible ones men 
tioned above. In both cases the admissible supercharge 
temperature was taken to be 350° X. where for T\ a ^ = 0*65 

the supercharge pressure is 0.9 atmosphere, and for T| a £ = 
0.76, it is 1.1 atmospheres. In the region of small 
numbers of cylinders the curves run very steep and flatten 
out as the number of cylinders increases; that is, with 
too strong a decrease in the cylinder bore the number of 
cylinders rapidly increases. It therefore follows that 
within this region the advantages which are obtainable by 
a decreased cylinder bore will hardly make up for the rap- 
idly increasing disadvantages of a high number of cylin- 
ders. It is further seen from the figure that, for exam- 
ple, for a bore of 158 mm in the case of a 1,200 horse- 
power engine and a supercharger efficiency of T| a ^ = 0.65, 
18 cylinders will be required, whereas for T| a ^ = 0.75, 
the corresponding number will be only 16, If cylinders of 
120 mm were used it would lead to a structurally expensive 
32-cylinder engine, whereas with a 136 mm bore it will 
still be possible to use a 24-cylinder engine. For Tj a(i = 
0.76, the 24-cylinder arrangement could be used with 116 
mm bore. Too great a reduction in the cylinder dimensions 
would thus lead to a structurally disadvantageous number 
of cylinders as pointed out by Fedden. Even with the 
fuels at present available for continuous operation the 
supercharge temperature of 77° should set an upper limit. 
The reduction of the total swept volume below a certain 
value, however, would make supercharge cooling necessary 
with all the associated structural disadvantages since it 
will be necessary to apply higher supercharge pressures. 
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The figure further shows that the improvement in the super- 
charger efficiency is also of great significance for the 
structural lav-out of high performance units. These con- 
siderations "bear particularly on the continuous operation 
at the working altitude assumed. It will later "be pointed 
out that for take-off and climb smaller cylinders, which 
permit higher supercharge pressures, are more advantageous* 

Hi THE III CREASE IN TEE OUTPUT 
PER UNIT DISPLACEMENT VOLUME 
Prospects of Various Working Processes 

In order to attain the above-mentioned values ( P e = 
12 kg/cm2* o m = 15 m/s (3,000 ft./min.)) with the high- 
performance power units, much research is still required. 
Before taking up the various methods of attacking the prob- 
lem a "brief discussion will he given of what prospects are 
offered "by the several known working processes, particu- 
larly for the airplane engine. Figure 4 shows the results 
of an investigation "by the Institute for Thermodynamics 
and Working Processes on the various attainable perform- 
ances for three different processes, namely, the injection 
Otto engine, the four-stroke-cycle and the two- str oke-cy cl e 
Diesel engines with sup or charger driven "by the engine and 
by exhaust turbine. The values are for a forward velocity 
of 400 kn/h (about 250 mi./hr.) at sea level and were com- 
puted on the basis of the polar of an airplane such as is 
used today. The air- excess ratios shown in the figxire 
have already been partially attained or will certainly be 
attained shortly. For each altitude the required super- 
charger output is shown. Assumptions must further be made 
as to the efficiencies and sizes of radiators, concerning 
which there arc as yet no experimental data available. 
The curves are therefore useful in indicating the order of 
magnitudes involved and may change as further data are o d- 
taincd on new supercharger processes* The absolute alti- 
tude peri ormances are not comparable since the outputs per 
displaced volume are different for the power units investi- 
gated. In the case of the two- stroke- cycle engine, the 
well-known highly developed and advantageous scavenging 
process of Junkers, whose efficiency should hardly be ex- 
ceeded by any different type of structure, has been assumed* 
High-altitude engines with other scavenging processes us ed 



* (158 lb . /sq.in.) 
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at present would in all cases show up to disadvantage. 
Twc-st rohe-cycle Otto airplane engines have not yet "been 
"built, therefore no information on them is as yet avail- 
able. l.Iore will he said later ahout the po s sihi li t i e s of 
development of this type of design. The essential result 
of these considerations is that at higher altitudes the 
-oro-oulsive outputs referred to the sea-level output (not 
the ahsolute outputs, which in the case of the Otto engine 
is in all cases greater due to the higher output per liter) 
do not differ much from each other. In particular, it is 
to he noted that also the four-stroke-cycle Diesel process 
shows promise. The fact that the curve here lies higher 
is the result of the small expenditure required for the 
exhaust cooling. The q\iestions of the fuel consumption 
and range still require special investigation. Similarly, 
the question of weight /power ratios, which in the case of 
the Diesel engines with their larger dimensions should "be 
somewhat higher, will not he gone into here. 

Increase in Performance through Supercharging 

In the case of the 4- st roke- cy cl e Otto engine, con- 
siderable increase in output has, in recent years, heen 
made possible by the development of new fuels denoted as 
:, 1C0 octane." These fuels permit higher compression ra- 
tios and supercharge pressures and therefore may also af- 
fect the engine size for a given output. The effect of 
the 100-octane fuels on the dimensions and power/weight 
ratios will not be considered here since test data are 
still unavailable. Fedden has already discussed the pos- 
sibilities of such fuels and has divided the future power 
units into 87-octane and 100-octane engines. For super- 
charge operation still further studies are to be made on 
the scavenging possibilities and the admissible supercharge 
pressures for continuous operation. The latter factor, 
as has already been mentioned, is of prime importance with 
respect to the magnitude of the displaced volume and the 
fuel consumption. The question of the lowering of the 
waste heat on the application of higher supercharge pres- 
sures to obtain higher short-time performance at take-off 
will be considered later. 

Figure 5 shows the attainable mean effective pressures 
obtained from single-cylinder tests at various supercharge 
pressures .and with different valve timing, and also shows 
the fuel and air consumption. With the proper choice of 
valve timing and lower supercharge temperatures, consider- 



10 



TT.A.O.A. Technical Memorandum No. 840 



a"ble increases may "be ootained in the mean effective pres- 
sures without any appreciable increase in the specific 
fuel consumption. This increase in outpiit is also accom- 
plished "by the scavenging of the combustion space, such 
scavenging "being successfully applied, as is known, to 
Diesel engines and leading to a lowered temperature at the 
end of the compression stroke and a "better volumetric ef- 
ficiency. Investigations already started on this subject 
are to "be complemented "by further studies, extending the 
investigations to higher rotational speeds. The question 
as to whether it is worth-while changing the valve timing 
during operation, as has at various times "been proposed, 
needs further explanation. Several investigators - for 
example, Ricardo (reference 4) - have recommended "strati- 
fied" s'u/ocr charging as a means for increasing the perform- 
ance and lowering the fuel consumption. In practice, it 
will not "be*" simple to obtain such stratification, particu- 
larly at the higher rotational speeds* It is nevertheless 
desirable to ascertain whether such stratification is pos- 
sible, whether it is likely to be successful, and whether 
the additional structural weight made necessary, is justi- 
fied. 

Caroselli, in an investigation on engines with mechan 
icr.lly driven sur> cr charger s for a nominal altitude of 6 km 
(20,000 ft,), has considered the question of the mos.t fa- 
vorable supercharge pressures to apply and came to the con 
elusion that, for example, an engine with a degree of su- 
percharge of 1*3 and with a supercharge stage that can be 
disconnected or with a controllable supercharge drive of- 
fers the advantages of small frontal area and high take- 
off performance but in other respects - for example, that 
of fuel consumption - is inferior to the low supercharge 
engine and so is inapplicable for large ranges* 

Another constructional and theoretical investigation 
has further confirmed the result previously obtained in 
the considerations on cylinder size, that very small cyl- 
inder dimensions such as are comnon in racing automobiles 
using high supercharge and high piston speeds have no ad- 
vantages for large airplane engines since the saving in 
weight which results from the smaller displacement volume, 
is offset by the increased size of the supercharger* With 
high supercharge for full-load performance at 6 km, for 
example, a supercharger for 8 to 9 km would be necessary 
and hence, also, supercharger cooling would be required. 
The possibility of further development of such an engine 
is therefore very limited so that this line of investiga- 
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tioa offers no pronise. It would, moreover, "be necessary 
to apply multistage supercharge in order to obtain ade- 
quate take-off performance. 

in this connection it may "be worth-while to investi- 
gate what these relations would be on the introduction of 
a stageless regulation of the supercharger without any 
losses, the significance of which was pointed out by Nutt 
in his lecture last year before the Lilienthal Society. 
The example previously chosen of an engine of 8 km working 
altitude will again be used. On this engine investigation 
was made to determine what performances in climb were at- 
tainable under the assumption that normal 87-octane fuel 
was employed and that a highest admissible supercharge 
temperature of 350° K, corresponding to 77° C. was not ex- 
ceeded. 

Figure 6 shows the computed outputs for various super- 
charger pressures in percent of the engine output at 8 km 
flying altitude. No cooling of the supercharge air between 
the supercharger and the engine is provided. The contin- 
uous line represents the upper limit of output obtainable 
at a supercharge temperature of 77 C. The dotted lines 
give the outputs at various supercharge pressures between 
the limits of 1.16 and 1.5 atmospheres. In climbing flight 
the supercharge pressure must be held constant up to the 
point of intersection with the boundary line by means of a 
regulator, while from there on after reaching the highest 
permissible temperature the supercharge pressure must be 
lowered. Although it is again seen from these considera- 
tions that engines with small pistons - for which, on ac- 
count of the smaller waste heat, higher supercharge pres- 
sures are permissible - have the advantage over large 
piston engines in climb, it is nevertheless clear that too 
high a supercharge - for example, above 1.5 atmospheres - 
gives no further appreciable advantages and the time dur- 
ing which these supercharge pressures may be applied "be- 
comes shorter if no special means are taken for lowering 
the waste heat. 

Summarizing, the following may be definitely stated 
with regard to the questions of cylinder size and super- 
charge. Structural advantages with regard to weight/power 
ratio and frontal areas are to be expected from the appli- 
cation of small cylinders. On account of the displacement 
volume required of high-altitude engines when the dimen- 
sions are reduced below certain values, however, a large 
number of cylinders, with the associated structural disad- 
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vantages, "becomes necessary. Small pistons are favorable 
for climb but the high supercharge leads to increased 
structural v/ eight on the part, of the supercharger. The 
decision as to the one or the other tendency must be made 
in accordance with the object that it is desired to attain. 

Increasing the Speed of Rotation 

The tendency toward increased piston speeds up to 15 
or 16 m/s has already been referred to. It is a question 
whether this method, if no other difficulties arise at the 
piston, gives any further advantages when used with the 
poppet-valve gear. Caroselli had previously established 
the fact that in the case of airplane- engine cylinders a 
mean velocity at the valve inlet sections of 60 m/s (12,000 
ft./nin.) gives the best volumetric efficiency and the max- 
imum mean effective pressure, and that a velocity of 90 m/s 
(18,000 ft./ min.) should not be exceeded. Although these 
velocities are still considerably above those which Ricardo 
had determined as most favorable for automobile engines, 
it is a fact known to every engine builder that in certain 
types of cylinder-head designs it is difficult to employ 
large port areas and that the acceleration forces set a 
limit to the incrqase in the valve lift. An improvement 
of the inlet port areas is expected from the use of the 
sleeve-valve gear which so far has been applied only by 
Bristol. Theoretical investigations have shown that with 
suitable sleeve-valve designs more favorable time areas 
may be obtained than with the usual valve gear. Naturally, 
this is not the only r>oint of view from which the sleeve- 
valve gear is to be judged. Other advantages which have 
often been brought out in the literature on the subject 
and are therefore assumed to be well known, similarly speak 
in favor of the sleeve-valve gear, so it is desirable that 
research and development work be continued along this line. 

Figure 7 shows a comparison of the mean effective 
pressure as a function of the speed for a very good poppet- 
valve engine with the values to be expected from a sleeve- 
valve engine. The poppet-valve engine which was run with a 
supercharge pressure of 1.3 atmospheres, had the most favor* 
able port areas obtainable. Although for a speed of 2,300 
r.p.m. , the mean velocity of the gas at the inlet is v^ = 
50 m/s (10,000 ft./min.), the mean effective pressure drops 
after this speed. In the investigations on the sleeve- 
valve gear, however, the pressure increased almost linear- 
ly up to about v g = 100 m/s (20,000 ft./min.). Whether 
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this is due to a "better discharge coefficient or to less 
heating of the charge in flowing in, has. not yet heen de- 
termined, Further investigations along this line are nec- 
ess.ary to throw light on these processes. It is safe to 
assu.mc, however, that with the sleeve-type of valve gear 
considerable further improvement in the performance of the 
Otto engine may he expected. 

The Two-Stroke- Cycle Process in the 

Otto (or Spark-Ignition) Engine 

In the discussions on the improvement in performance 
of the Otto engine, the question always arises as to wheth- 
er a further decrease in the weight/power ratio cannot he 
attained with the twe-stroke-cyele process. In this con- 
nection it is often wrongly assumed that the two-stroke- 
cycle practically doubles the output per unit of swept 
volume. Unfortunately, however, on account of the higher 
heat loading of the piston and the reduction in the effec- 
tive stroke by the scavenging ports, only a portion of the 
expected increased output as compeared with the 4-stroke- 
cycle for .equal piston velocity is ohtainahle, in view of 
which the lack of data available cannot he definitely 
specified* Un quest ionahly , a two- stroke-cycle engine, pro- 
vided it may he run with a reasonable expenditure in scav- 
enging air, has the advantage of a uniform turning moment 
and smaller inertia forces, and hence lower structural 
loads, so that some economy may he expected in structural 
weight . 

At the author 's initiative and following some sugges- 
tions by Lutz, some preliminary investigations have b@ea 
conducted on the possibilities of several types of familiar 
valve gears and a brief discussion of them will be given 
here. 

In laying out a design for a two-strokc-cycle engine, 
it is first of all necessary to see that the valve gear 
provided gives the required areas for allowing the expan- 
sion of the gases and for scavenging. Under the assumption 
of equal piston speeds, several arrangements may be com- 
pared, referring the port areas to the piston area. Figure 
8 shows a comparison of four different two-stroke-cycle 
cylinders with familiar types of valve gear, namely, an 
opposed-piston engine, a four-valve, two-stroke-cycle en- 
gine with scavenging from below by piston-controlled slots, 
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a rotating sleeve-valve engine, and a roller sleeve-valve 
engine with similar scavenging/ In the cas # o of all four 
cylinders the same crank angle is assumed for the total 
exhaust time. It is further assumed that the outputs 
are the same for all the cylinders. The diagrams show 
the variation of the opening of the outlet areas as well 
as the magnitude of the mean outlet area referred to the 
working piston area. For all cylinders equal scavenging 
time areas per cm 2 of piston area are provided for which 
the inlet times are given in the figure. The mean areas 
from the "beginning of exhaust up to the opening of the 
scavenging ports are also shown. These cro s s- sect i onal 
areas are of prime importance for the expansion process 
of the exhaust gases. The advantage of the opposed-piston 
engine is clearly "brought out. The same port areas may 
probably "be attained with the U-cylinders, for which sim- 
ilar relations apply. From the comparison "between the 
uniform motion of the sleeve-valve gears with the nonuni- 
form opening of the poppet-valve and opposed-piston en- 
gine, it is seen thfrt for equal maximum openings the two 
last-mentioned types of valve gears have a clear advan- 
tage from the point of vi ew of the control of the scav- 
enging and exhaust processes. It is to "be observed, how- 
ever, that the design of a separately driven, nonuniformly 
moving valve gear member is kin emat i cally and dynamically 
not simple to carry out with high-speed engines without 
encountering difficulties. Thus, for example, with the 
four-valve cylinder shown, the accelerations set up al- 
ready lie close to the present-day limits. T7ith nonuni- 
formly moving sleeve-valve gear,, similar difficulties Trill 
naturally be met with. The comparison of the different 
arrangements brings out, however, also the following. With 
the opposed-piston engine the inlet and outlet close si- 
multaneously whereas with the other designs the application 
of equal specific inlet and outlet time-areas leads to 
earlier closing of the inlet. For high altitude engines 
such an arrangement is not feasible on account of the scav- 
enging-air loss so that for these systems it is practically 
required that the outlet angle be chosen smaller than is 
here .assumed for comparison. Eaking account of the possi- 
bility of after-charging in order to utilize fully the re- 
quired scavenging pressure it may even be found desirable 
to close the inlet" after the outlet. Figure 9 shows that 
these requirements lead to the result that an engine like 
the two- stroke- cycle rotary sleeve-valve engine here pre- 
sented shows no promise of success. The figure shows the 
expansion of the exhaust gases against the piston displace- 
ment as determined by computation. The expansion to the 
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scavenging air pressure is first completed near the lower 
dead center so that practically no time is available for 
scavenging whereas the minimum scavenging angles required 
amount to about 80 crank-angle degrees and the inlet must 
open 400 "before the lower dead center. 

The above simple types of design with the impaired 
scavenging conditions thus offer no promise for high-out- 
put power units unless new methods showing fundamental im- 
provements are found* In the case of the favorable double- 
piston engine or the engine with U-cylinders increased 
structural weight is required. Information concerning the 
heat loading of the piston and the scavenging efficiency 
can only be provided by tests. On the application of 
greater piston areas it will probably be difficult to take 
care of the heat loading of the Otto two- stroke-cycle en- 
gine. On the other hand it appears possible, in the case 
of small sporting and training airplane engines for which 
also no high charging is necessary, to apply the two-stroke 
cycle process. Investigation on this point would be desir- 
able . 



III. IMPROVING THE TAKE-OFF PERFORMANCE 



The foregoing considerations on the improvement in 
performance by supercharging assume the application of nor- 
mal fuels of 87 octane number and the maintenance of an ad- 
missible temperature of the charge permitting no knock oper 
ation (about 77° C.).- In take- of f t however , under certain 
conditions, such as for example, in the case of airplanes 
with very high wing loading or where small flying fields 
are usee, high short-time loads cannot be avoided. The re- 
quired increase in the charge pressure leads, however, to 
higher charge temperatures than were indicated above and 
therefore to knocking and to such high cylinder and piston 
temperatures that piston seizing and overheating may re- 
sult. Ways will therefore be sought to reduce this great 
loading. The following possibilities show promise for at- 
taining this object. These are well known but must still 
be Compared as regards practical application. 

a) Application for take-off of a special fuel that 

■o emits high charge pressures and temperatures 
without the danger of knocking. 

b) Injection into the combustion space of water, the 
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evaporation of which lowers the compression and 
c o m bu s t i o n t c mp e r a t u r e s . 

7ith regard to the above possibilities several inves- 
tigations have "been conducted which, although not giving a 
complete answer to the question, do provide data that in- 
dicate the lines of further study to "be followed. Figure 
10 shows the "behavior of several important fuels used with 
supercharged engines and "brings out the fac J , already fa- 
miliar to some extent, that the octane number offers no 
^cale of comparison for the knocking "behavior in the case 
of supercharger operation ano that under these operating 
concisions another series of fuels different from those 
used with the Q.F.fi. engine tests must he applied. Of 
particular advantage is the three component mixture con- 
sisting of 30 Si, 40 Bo, and 30 alcohol, and giving an oc- 
tane number of 90. This mixture was applied in comparison 
tests on a BMW VI single-cylinder engine (compression ra- 
tio 7,3) with normal aviation gasoline of 87 octane and 
water injection and the results are shown in figure 11. 
With the aviation gasoline two series of tests at fuel 
temperatures of 55° and 100° C. were carried out and with 
the mixture only one test at 100° C. The quantities of 
water required for no-knock operation are also indicates, 
on the figure. With the aviation gasoline of 87 octane 
and at a temperature of the charge of 55° C. knocking sets 
in at 1.1 atmospheres supercharge and at 100° C. tempera- 
ture knocking is set up "below supercharge whereas the mix- 
ture without the addition of water admits of a pressure 
of 1.36 atmospheres without knocking. No-knock operation 
is thus still possible for the mixture with slight water 
expenditure. In the case of the gasoline with water in- 
jection there will he no knocking tip to a pressure of 1.6 
atmospheres. The increase in the pressure of the charge 
corresponds to an increase in the mean effective pressure. 
The quantity of water that must he injected with the 87 
octane aviation gasoline before the knocking of the mix- 
ture sets in is co nsi der a hi e and at 100° C. is about double 
the amount at 55° C. The cooling effect shows up in the 
lowering of the exhaust temperature. If these two results 
are compared it will be seen that at a temperature of the 
charge of 100° C. and with respect to normal start of knock- 
ing at a pressure of 1.35 atmospheres 35 percent more out- 
put can be obtained with the mixture, while with "stanavo" 
about 50 percent more, and with a water consumption of 70 
percent of the fuel consumption, in both cases with no- 
kno ck operation . 
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IJaturally, no final conclusion can be drawn on the 
"basis of these test results obtained on a somewhat old 
typo of cylinder and at low piston speed. Further inves- 
tigation under conditions of water cooling, air cooling, 
and greater speeds is required. It is to "be expected, 
however, that the advantage of the mixture fuel will re- 
main also at higher heat loading, that water injection, 
which carries with it certain disadvantages will not "be 
require 1, and that a special fuel for take-off, as has 
already partially been applied, will enable knock-free 
operation also at high supercharge pressures. 

IV. LOWEEIHG OF TEE FUEL CONSUMPTION 



Finally, the reduction of the fuel consumption is an 
important factor in the further development of the Otto 
engine, particularly for the long-range engine. In • the 
foreign literature there have in recent times appeared re- 
ports purporting to have succeeded in attaining extremely 
low specific fuel consumptions oven bettering those of 
liesci engines. Figures' of 150 g/ ho.hr. (0.37 ih./hp.hr . ) 
are cited without any indication "being .fjiven, however, for 
what output those values were attained ar.o. whether they 
referred to engines cn the ground with low-loading or high- 
altitude engines* Investigations of this kind have for 
some time "been conducted under the supervision of the DVL 
that rely mainly on previous investigations of Lohner on 
operation with excess air. 

Figure 12 shows the result of a laboratory single- 
cylinder test carried out on a modern test cylinder at 
n = 26 00 r.p.m., a compression ratio of 7.7 and using an 
aviation gasoline with an increased lead content (octane 
number about 90) and without supercharge. It may "be seen 
that the minimum value of the consumption lies within a 
region of excess air ratios of 1.1 to 1.2 agreeing well 
with the previous tests of Lohner. On the single cylinder 
which has a relatively bad mechanical efficiency, a full 
consumption of ahout 182 g/hp i, hp? . (0.4 lb./hp.hr.) was 
measured. The region within which this minimum value ap- 
plies is very limited. In any practical case it will he 
difficult to keep within this range due to difficulties 
in mixture distribution and somewhat higher values will 
he met with which in this case of multicylinder engines 
should he of the order of 170 to 180 g/ hp.hr. Fedden re- 
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ports a fuel consumption of 176 g/hp.hr. in cruising 
flight at 60 percent of full load. The results of the 
D?Ii give quite good agreement for practical conditions, 
with those of Eedden. TJith supercharger operation the 
diagram changes insofar as the fuel consumption "becomes 
naturally somewhat higher out the region of minimum val- 
ues "becomes somewhat flatter. Conclusive data are as 
yet not available. The discission here given is meant 
to serve only as a contribution to this problem and is 
intended to lead to further studies. 

In the foregoing discussion only a small portion of 
the field of investigation has "been considered, which is 
of importance for the further development of power units 
in the near future* In the highly developed state to 
which engine design has already attained further progress 
will no longer "be "by sudden jumps and the problems for 
investigation and development will "become more and more 
difficult as greater refinements and improvements in the 
working processes are achieved. It is to "be expected 
that still greater power units will he built and that the 
weight/power ratio will further be reduced. Some of the 
ways indicated in this report for raising the mean effec- 
tive pressure and the piston velocity, in connection with 
which in particular the sleeve-valve type of gear offers 
new possibilities, appear to be suitable as means of ap- 
proaching this subject. 
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TABLE I 



Characteristics of 1 , 000-Eor sep ouer Airplane Engine at 
7 k = 13 in/ s ( about 2,500 ft./min.) (s/d = 1.0) and 
1. 2- at;no sphere supercharge at 4 kilometers altitude 



Nun ber of cylinder 


9 


'12 


14 


16 


IS 


24 


32 


I o r s cm o u e r / c y 1 i n d e r 


in 


83.3 


71.5 


62.5 


55 .5 


41.7 


31.3 


Cylinder capacity , 
liters 


4.9 


3.12 


2.48 


2.03 


1.7 


1 , Id 


n *7 a 
U • / 4 


Stroke and "bore 


184 


158 


147 


137 


129 


113 


98 


r.p . n« 


2120 


2470 


2660 


2840 


3020 


3450 


3980 


Section of engine 
nacelle through 
front cylinder 
















V engine 


- 


0.53 


- 


0.43 


- 


- 


m 


X engine 
H engine 


- 


- 


- 


0. 86 
0.73 


- 


90° :0. 6 
60° :0.54 
0.51 


0.43 
0.38 


Flat engine 








0.33 








Eadial engine . 
d i am c tor ( m ) 


1510 




1190 




1130 






Weight 
















f engine (kg) 




660 




620 








X engine (kg) 








710 




640 


605 


H engine (kg) 








620 




640 


605 


Flat engine (kg) 
















Radial engine (kg) 


710 




640 




615 







Rei s s , 
Commi t tee 
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Figs. 1,2,3,4,5 
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JZ Pig. 2.- Frontal areas for liquid-cooled 
Number of cylinders Reg of 10Q0 ( y=2600 f t ; 

ttj.l.- Output per liter as a func- stroke/bor9=1 . 0( surcharge pressure= 

tion of the number of cylinders. j , Rt> Rt 13Q00 * aUitude ). 




J0 



,_Fig.4.- Relation between _ 
the propulsive output 
#-and the altitude for various- 
cylinder working processes in 
h percent of sea level output. - 
J 1 i i 



S 10 12 

Altitude 



18 km 20 



Supercharge ratio 

Fig. 5. -Useful power, m.e.p. ,and fuel 
consumption with supercharger 
operation. 
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Figs. 6,7,8 



zoox- 



f s '350% 




kg/cm 1 



Altitude 

Figure 6.- High altitude perform- 
ance for stageless reg- 
ulation to constant supercharge 
pressure and supercharge temperature. 



Figure 7.- Useful power and mean 

effective pressure for 
an engine with poppet and sleeve 
valve gear. 
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Opposed piston engine 
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Figure 8.- Valve gear sections for two-stroke cycle 
cylinders with various outlet valves. 
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Jigs. 9,10,11,12 



End of expansion 
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Limits of output for 
MnocH-free operation 
without water In- 
jection. 

Start of knocking without water injection. 
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Supercharge pressure 
Figure 11.- Increase in output and 

water consumption for 
knock-free operation using water 
injection with an 87 octane avia- 
tion fuel and a three -component 90 
octane mixture. 
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Cylinder capacity 2.0 liters , constant thrott/e 
setting, n ■ 2600 , € = 7.66 
Avia+ion engine +O.I2B Vol % Pb(C 2 H s ) 4 





Air excess ratio 

Figure 12.- Effect of air excess 

ratio on fuel con- 
sumption (single cylinder test). 



Supercharge pressure 

» r. p.m. = 1000; comp. ratio €=6.0; 
full throttle setting; ignition 22° 
before u.d.c; cooling temp. 100°C. 



*' Figure 10.- Start of knocking for 

several fuels at various 
temperatures of the charge as a func- 
tion of the pressure of the charge. 



